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CHAPTER ONE  
INTRODUCTION 
1.1 General Overview and Research Problem 
      Photoelectron current is a result of photoelectrons emission from materials irradiated by 
sunlight and it is one of the major sources contributing to spacecraft charging [1]. The 
photoelectron current is very significant when considering space mission: its important is not 
limited to in the analyzing of the spacecraft potential but also in estimation of photoelectrons 
emission influence on spacecraft charging thus discharge phenomenon.  
     Photoelectron current could provide basic information for making proper management 
decisions on the spacecraft during the design phase due to charging.  Although this parameter is 
frequently measured, its implementation at air mass zero (AM0) is scarce, and the scientists are 
yet to benefit from this critical information.     
    Photoelectron current is useful in the prediction of photoelectron current density and the 
electric properties of various spacecraft materials irradiated by sunlight. Photoelectron current is 
functions of a material and it is important material property for spacecraft charging study for 
Multi-Utility Spacecraft Charging Analysis Tool (MUSCAT). To predict the photoelectron 
current density in orbit, photoelectron current at AM0 solar intensity for the material is 
significant. In which the characteristics of the materials use in spacecraft design can be 
determined. Through this, most suitable materials could be selected during the spacecraft design 
phase [2].   
    The spacecraft operating in the sunlight cannot avoid one side exposing to the sun while the 
other side staying in shadow, so it has to face the problem of surface charging caused by 
photoemission phenomenon [2]. 
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    In darkness, a spacecraft surface will tend to charge negatively from the ambient plasma 
electrons. This plasma is basically neutral, having equal numbers of electrons and ions. 
However, the electrons are much lighter particles, and therefore move at higher velocities [3].  
Therefore, the negative electron current to the spacecraft surface is greater than the positive ions. 
Sunlight exposure to spacecraft provides photoelectron, which can act as charge drain to 
neutralize the surface potential, or can act as a discharge trigger upon the emergence from the 
eclipse.  
    Spacecraft charging can occur in the form of surface charging or internal charging. These 
charging depend on the spacecraft geometry, as well as on the characteristics of its orbit, since 
the natural environment may differ for each type of orbit. 
    More so, in geosynchronous orbit (GEO), the spacecraft surface exposed to sunlight charge to 
positive (2~3 volts) due to photoelectron current emitted from the surface. In the eclipse, the 
spacecraft roughly charges to a negative potential equivalent to the electron temperature of the 
plasma. 
      In low earth orbit (LEO), the thermal electron currents are the largest and satellite tend to be 
slightly negative. In addition, spacecraft charging is a function of the space characteristics, solar 
activity, geomagnetic storm, solar spectrum [4]. The high voltage solar array is the primary cause 
for LEO charging. 
    In PEO, spacecraft are exposed to unique environment where the low energy ionosphere 
plasma (0.1~0.2 eV) and particle of aurora zone (> 1 KeV) are mixed. This mixing of 
environment increases the possibility of charging severely. This was observed in ADEOS-2 
failure [5] 
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    Spacecraft surfaces have insulators and conductors on its surfaces whose electrical properties 
are quite different. Insulator makes the major component of spacecraft surface exposed to orbital 
plasma environment. The metallic parts on the spacecraft are interconnected. Electrostatic 
discharge (EDS) phenomenon is observed where there is boundary between insulator-conductor-
space plasma called Triple Junction [6]. 
    This EDS is dependent on the insulator potential, the spacecraft potential (metallic parts- 
connected to the spacecraft ground) and the thickness of the insulator. Although, the potential 
difference between spacecraft and orbital plasma is important for spacecraft charging, it is the 
differential potential between insulator and conductor that plays a significant role in surface 
discharge. 
     The insulator surface develops a potential due to local balance of charge particle which is 
usually different from the conductor. When the insulator potential is positive with respect to 
spacecraft potential, it is called ‘Inverted Potential Gradient’ (IPG). And the opposite case is 
called ‘Normal Potential Gradient’ (NPG). These potentials will determine by the orbital plasma 
and materials characteristics such as photoelectron, secondary electron and resistivity. This 
controls the distributions or the development of surface potential of materials. In general, LEO 
with low inclination, IPG is usual condition, whereas for high inclination orbits IPG or NPG can 
occur. Thus, we observed that the potential of spacecraft that is present in orbital plasma is 
determine by the photoelectron current, secondary electron current and current decay by surface 
or volume conductivity, thus are material-dependent properties. Hence material’s surface 
characteristics become very important factor in deciding the charging condition of spacecraft.  
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    The central theme of spacecraft charging is how spacecraft interact with the plasma 
environment to cause charging. Spacecraft material’s accumulate negative or positive charge and 
adopt potentials in response to interactions with the plasma environment [7]. 
    Spacecraft surface charging can lead to arcing and a loss of electrical power generation 
capability of solar panel or even loss of a satellite [8]. This charging threatens to disable 
spacecraft components and adversely impact any satellite function. Electrostatic charge, and 
especially discharge, can destroy the functionality of components or components themselves, 
thereby rendering them ineffective or inoperative [9]. Also, a local environment consisting of this 
excess charge can interfere with data collection, causing measurements taken by spacecraft 
instruments to be misleading and giving rise to improper conclusions about the space 
environment [10].  
     Spacecraft charging is a serious issue for safety of spacecraft operation. Therefore, thorough 
investigation of spacecraft charging at an early stage of spacecraft design is desirable to prevent 
the fatal anomaly in orbit. Charging properties, such as photoelectron current, secondary electron 
yield, photoelectron emission yield and conductivity of spacecraft surface materials are the 
important parameters to predict charging in orbit [11] 
Presently, one of the key challenges is that spacecraft design and materials provide limited 
protection against the dangers of electrostatic discharge [12]. Measuring thermal ions on board a 
spacecraft which can get electrically charged as a consequence of photoelectron emission is a 
long-standing problem when considering space missions [13]. Therefore, it is necessary to 
estimate the photoelectron emission current. This is in order to determine the photoelectron 
current density of the materials widely use in spacecraft, so as to safeguard against the adverse 
effects of charging on spacecraft. To carry out this, the understanding of the characteristics of the 
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spacecraft materials is essential. In this study, three types of materials were selected based on 
their importance for a spacecraft development. 
     A current–voltage amplifier measuring system is an electronic device with amplifiers attached 
to sense and measure the current on the order of nano-Apere (nA). This is done with resource 
available from a HORYU IV satellite in relation to location at each interval, so that the data can 
be retrieved for further analysis or forecasting. The use of electronics technology for space 
science involving measurement and control systems design has been limited in research. 
     Thus a cheaper and more advanced instrument is required to be developed. Therefore, the 
objective of this study focuses on the development and implementation of photoelectron current 
measurement from metallic and insulators surfaces from AM0 spectrum.  
      In order to meet the above requirements, a low cost, versatile, portable current-voltage 
amplifier PEC measurement system was designed from commercial off-the-shelf (COTS) 
products and implemented on Horyu- IV satellite.		 
1.2 Research Motivation 
    The interactions between a space system and its environment can cause modifications to the 
natural environment, giving rise to local environments which in turn affect the system's behavior 
[14]. Numerous operational anomalies and satellite failures have been reported since the 
beginnings of the "space age", a significant number of which were attributed to the phenomenon 
of spacecraft charging and to radiation effects on electronic systems [15]. Photoelectric effect is 
one of the primary mechanisms responsible for spacecraft charging. The photoelectric effect 
results from solar radiation which liberates electrons on a satellites surface, resulting in a positive 
charge on the satellites sunlit side.  
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When spacecraft is in direct contact with the sunlight to take in the energy from the sun in 
order to charge the solar panel, it is affected by the photoelectric effect. The most important 
characteristic of spacecraft charging is the material of the spacecraft. Low orbiting satellites 
(LEO) usually experience charging which varies according to its altitude.  
However, at air mass zero (AM0) the charging effect become more serve. Photoelectron from 
the spacecraft surface is the principal source because of the presence of the extreme ultraviolet 
wavelength in the range (< 2000 A) in the same region where many materials have rather large 
photoelectric yields and the solar spectrum also have significant energy there [16].  
Photoelectron emission current is one of the key parameters in determining how much charge 
will accumulate in spacecraft components in response to incident electrons, ion and photon 
fluxes. This could provide information to predict photoelectron current density in orbit (Jpho) 
and electrical properties of various materials irradiated by sunlight and to identify the charging 
hazard during the spacecraft design phase. Such hazard can be identified by the Multi-utility 
spacecraft analysis tool (MUSCAT), available in Laboratory of Spacecraft Engineering 
Interactions Engineering, kyushu Institute of Technology, Japan. 
In this laboratory, a ground-based photoelectron current measurement was successfully 
measured from Gold, Kapton ® and black Kapton ® surfaces. On this achievement, there is need 
to carry out in-orbit laboratory experiment same as on ground. This will enhance validation of 
the ground-based experiemental data with on-orbit data. The mission is achived by using the 
facility avaliable on HORYU IV satellite.  The study will contribute to identification of 
spacecraft charging hazard during designs phase, the advancement and expansion of the 
knowledge in space sciences through the use of a Nanosatellite with limited resources. 
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1.3 Objectives of the Research  
 The specific objectives were to 
i)    Measurement of PEC from metallic and insulator surfaces using the AM0 spectrum 
ii) Testing of PEC subsystem of Horyu IV satellite 
iii) Validation of PEC onboard with the ground testing data																			                                                
1.4 Dissertation Overview  
       In this dissertation, several concepts for photoelectron current measurement on nanosatellite 
in low earth orbit are presented and evaluated as possible schemes. The road map diagram of the 
dissertation is summarized in Figure 1.1. 
       
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter I 
INTRODUCTION 
	
Chapter 2 
LITERATURE REVIEW	
Chapter 3 
EXPERIMENTAL APPARATUS AND 
TEST SETUP DESCRIPTIONS	
Chapter 4 
GROUND EXPERIMENTAL TESTING	
Chapter 5 
IN-ORBIT TELEMETRY DATA	
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Figure 1.1. A graphic map of the dissertation 
 
   The dissertation is organized as follows: Chapter 2 gives literature review. In Chapter 3, the 
experimental apparatus and test setup explanations. Chapter 4, methods and tests are described in 
detail for the approach to designs and specifications requirements. In Chapter 5 on-orbit 
experimental results of photoelectron current measurement is discuss. Chapter 6 provides the 
validation of laboratory data with the orbit data analysis result. Chapter 7 gives the summary of 
findings, conclusion, recommendation and suggestions for further work on the research. 
 
 
 
 
 
 
 
 
 
Chapter 6 
VALIDATION OF LABORATORY WITH ORBIT 
DATA RESULT	
Chapter 7 
SUMMARY, CONCLUSION AND 
RECOMMENDATIONS 
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CHAPTER TWO 
LITERATURE REVIEW 
2.1 Photoelectron Current Measuring Circuit 
     Photoelectron current measuring circuit is an invaluable current-voltage amplifier tool to 
measure experimental data and collect through a memory device, having the ability to clearly 
present real time data on a monitor. The differences between various current measuring circuits 
are based on the way that data is recorded, stored and applied. 
           A photoelectron current measurement circuit is an electronic device that amplifiers, 
inverts this current that can be store in both analog and digital devices with greater efficiency 
during a test or measurement, at any given environment with time. The type of information 
recorded is bit count based information; which is later converted into current. The system works 
with analog digital converter to converts a physical phenomenon and stimuli into electronic 
signals such as voltage or current. These electronic signals are then converted into binary data. 
The binary data is then easily analyzed by software and stored on memory for post process 
analysis. 
2.1.1 Characteristics 
          A photoelectron current measurement circuit possesses the following characteristics: 
i)  Size: The circuit is 133mm of length by 27mm of width and makes for very rapid 
response to current changes. This feature is important in feedback control system 
where fast response is required and can be implemented on a CubeSat. 
ii) Weight:  It has a weight of 50g. This is important for small satellite mission. 
iii) Power: Maximum power consumption is about 70 mW with current of 14 mA which 
can be easily implemented on a CubeSat.  
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iv) Information measure: The type of information recorded is voltage- current based 
information.	
v) Tool: They designed as an invaluable tool to collect experimental data, having the 
ability to clearly present real time data on a monitor which is later analyzed into 
desire data (current). 
vi) Ruggedness: They are designed to operate continuously without interruption even in 
the worst environments. 
vii) Easy to use: This communicates with operators in a logical manner, are simple in 
concept, and therefore easy to understand and operate. 
viii) Design: It is simple and made from commercial off-the-shelf	 materials	 that is non 
space based 
ix) Low cost: The cost of production is relatively lower as it is derived from non-space 
based (COTS) materials.    
2.1.2 Operation 
         The current-voltage amplifier circuit is used for measuring and controlling the current. This 
circuit amplifiers the current in a given interval and space, then converts into an electrical 
(analog) signal through ADC. The analog signal is converted into digital format by the analog-
to-digital converter (ADC). The set values of bit count are collected on the storage or monitor 
devices as the case maybe for further analysis into the required current and this current is in 
nano-Ampere (nA).The ability of the circuit to sense, amplifier the signal, take measurements 
and give access through ADC to storage device to store the data in the required format for future 
analysis into current is a characteristic of a PEC measurement circuit. A complete PEC 
measurement circuit application requires most of the elements illustrated in Figure 2.1.  
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Figure 2.1. Block diagram of major components on PEC measurement circuit 
i) Electrical Power System: This is deployed to supply 5V to DCDC converter which is 
further converted to 5volts and +24volts levels. The 5V is used to switch on the PEC 
circuit and +24V for generating of the required voltage for grid electrode. 
ii) Direct–current to Direct–current converter (DCDC): is an electronic circuit or 
electromechanical device that converts a source of direct current (DC) from one voltage 
level to another. It is a type of electric power converter. Power levels range from very 
low (small batteries) to very high (high-voltage power transmission). In this case, it 
converts from 5 volts level to 5 volts and 24 volts levels as required. 
iii) Big Apple Board: This board serves as an interfaced between PEC subsystem with the 
electrical power system (EPS), altitude orbit and determination system (AODS) and on-
board computer (OBC). It enable the 5V and +24V switches to be turned on by sending 
the signals at an appropriate time to the EPS system. The 5V is provided to switch on the 
PEC board while the +24V is for grid electrode required voltage level. The Big Apple 
send the +24V signal once the sun sensor via AODS through ADC using serial peripheral 
interface connections, show that the incident sunlight is at the acceptable threshold of 
MCP6032SN                       LM6001 
DCDC                        
ADC                        
Big 
Apple                        
Sample                       
Power 
System 
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16.5ᵒ.  And also provides a memory for storage of PEC data and enable these data to be 
transmitted to the ground station via on board computer (OBC). Figure 2.2 shows the 
PEC pins connectors for three input pins: +5V, - 5V, +24V and three output pins: Gold, 
Kapton ® and black Kapton ® samples on the Big Apple board. 
 
 
 
Figure 2.2. Big apple mission board 
iv) Analog- Digital–Converter (ADC): An Analog to Digital Converter (ADC) is a very 
useful feature that converts an analog voltage on a pin to a digital number. In this case, all 
the output signals from the PEC circuit in terms of voltages are converted from analog 
signal to an equivalent digital number that can be stored on the memory device on the Big 
Apple subsystem of HORYU-IV. 
	
PEC pins connectors 
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v)  MCP6032SN Amplifier: This is an operational (op amp) that operates with a single 
supply voltage as low as 1.8V, while drawing ultra-low quiescent current per amplifier 
(0.9μA, typical). It’s also has low offset voltage (±150μV, maximum) and rail-to-rail 
input output operation. Rail-to-rail input output means an op amp with the value that can 
swing the full power supply range. Others features include unity gain stable, a gain 
bandwidth product of 10 KHz. These specs make this op amp appropriate for low 
frequency application such as current monitoring and sensor conditioning. In addition, it 
is use as an inversion op amp amplifier in this circuit. This allows the negative voltages 
be converted into positive value that can be read by peripheral interface controller (PIC) 
microcontroller.  
vi) LM6001 Amplifier: This device is an ultra-low input current amplifier that is ideally 
suited for electrometer application requiring ultra-low input leakage such as sensitive 
photo detection trans impedance amplifiers and sensor amplifier. Other applications this 
amplifier may found useful include long interval integrators, ultra-high input impedance 
instrumentation amplifiers and sensitive electrical-field measurement circuit. In this 
circuit, its use as a current amplifier covers other applications enumerated.  
vii) Sample:  There are various materials use in the designs of spacecraft, their applications 
varies on the type of mission and its environment. In doing so, material testing is very 
important to ascertain its survival in such environment and met the design specification. 
Three types of samples materials were selected for this study based on their importance 
for a spacecraft development: gold (Au), Kapton®, and black Kapton®. 
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2.1.3 Advantages 
                     Current-voltage amplifier measuring circuit does not interfere with the users in 
performing its specified tasks  
i) It reduces the human effort required to monitor the parameters.  
ii)  It provides the much needed real time data for the analysis of a particular fault. 
2.1.4 Application  
          They can be used in the following applications such as: 
i) low frequency application such as current monitoring and sensor conditioning circuit 
ii) electrometer application requiring ultra-low input leakage such as sensitive photo 
detection trans impedance amplifiers and sensor amplifier  
iii) long interval integrators, ultra-high input impedance instrumentation amplifiers  
iv) sensitive electrical-field measurement circuit 
v) Amplifier system in satellite current measurement. 
2.2 Space Environment 
      In a space environment, there are various ions and electrons from plasma with different 
energy levels, densities, and particle species at a specific space and time, thus exerting a variety 
of influences on spacecraft. 
             Each of which can cause profound damages to a spacecraft, deteriorating its performance 
and lifetime. The environment around the spacecraft can be grouped into orbit. In the context of 
this thesis, the concern is on space environment of low earth orbit with air mass zero (AM0), in 
which spacecraft have direct contact with the sunlight. 
Low Earth Orbit (LEO): 
       Satellites in the Low Earth Orbit (LEO) are those having orbits of an apogee between 100 
km to 1000 km with inclination value below 65ᵒ. The LEO atmosphere has a characteristic 
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condition that is dominated by the photoelectron current due to the electron emission from the 
spacecraft in sunlight.  
2.2.1 Classification of space environment 
           The environment to which a spacecraft is subjected consists of the ambient, depending on 
the operated orbit that is generated by the spacecraft itself [17]. This self-generated environment 
is considerable different from the ambient environment of the orbit. Therefore, it is not always 
the primary environment in consideration that determines the spacecraft environment. The 
generated environment also become important and varies with the design, materials of the 
spacecraft and its interaction with the spacecraft environment for certain period. 
Therefore, it is imperative to classify this environment in terms of these four physical 
components: 
      The neutral environment includes the residual atmospheric gas and its release by the 
spacecraft surfaces materials through outgassing or decomposition deliberately emitted from the 
spacecraft. 
     The plasma environment includes the ambient plasma that is generated by hyper velocity 
impact with the spacecraft surfaces. 
     The radiation environment has the electromagnetic and corpuscular. The electromagnetic 
radiation environment includes the ambient solar photon flux reflected and emitted from the 
Earth and electromagnetic interference (EMI) that is generated the operation of the satellites 
system. The corpuscular radiation environment has the ambient flux of particles such as electrons, 
photons, heavy ions and neutrons and any high-energy- particles emitted by nuclear sources. 
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    The particulates environment consists of ambient meteoroids, orbital debris and particulates 
released by the spacecraft. This is formed from number of sources that is ranges from dust on the 
surfaces to materials decomposition under exposure to ultraviolet radiation. 
Interaction between these environments and a spacecraft: the physical environmental 
components can affect the design and operation of spacecraft or its system performance. This 
behavior depends on the material characteristic.  
2.3. Photoelectron Emission Current 
   Photoelectrons are defined as emitting electrons from the sunlit surface of a spacecraft [18]. 
These photoelectrons are created when photons strike the spacecraft surface and impart enough 
energy to induce electrons emission from the spacecraft surface. Typical photoelectron energy is 
about a few electron-volts. The number of photoelectrons produced and their energies are largely 
dependent on spacecraft material properties and designs [19].  
As a result of electrons emission due to photons strike, a current is produced, namely the 
photoelectron current, Jph. Photoelectric emission is also called as photoemission or 
photoelectron emission or photoelectric effect.  
    The photoelectron current can be calculated from Equation (1) as a function of the considered 
material, solar flux, solar incidence angle, orbit, and surface potential. Equation (2) gives the 
current measured on the sample surface and from Equation (3) the photon energy as a function of 
the wavelength, λ, can be calculated. 
                                                            
2
ph
1
λ
λ
J  = q x F(λ)xY(λ)dλò                                                (1) 
 
                                                             ( ) ( )2
1
λ
sample e λ
I = q ×S× F λ  ×Y λ dλò                                       (2) 
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2.3.1. Principle of photoelectron current  
          This is based on the principle of photoelectric effect in which the energy carried in a 
photon is transmitted to an electron in the surface of a material. The electron absorbs the 
photon’s energy and is displaced from the surfaces of the material, thereby creating a small 
electric current. In this method, the free electrons emitted from the material surfaces are called 
photoelectrons and current produced due to this process is called photoelectric current.  
2.3.2 Photoelectron Current in Low Earth Orbit 
      In the low Earth orbit environment, the photoelectron current is emitted from the sunlit 
surface of a spacecraft when photons strike the surface and impart enough energy to induce 
electron emission from the spacecraft surface. Typical photoelectron energy is only a few eV 
[20]. Since photon densities are very high, photoelectron densities will be proportionately large. 
The number of photoelectrons produced and their energies are largely dependent on spacecraft 
material properties and designs [21]. The number flux of photoelectrons tends to be much greater 
than that of   ambient electrons.  
2.3.3 Importance of Photoelectron Current  
         Photoelectric effect is a very useful phenomenon and its importance can be understood 
from following uses of the photoelectron current.  In short, there are various applications of 
photoelectric effect and current in our daily life.  
        Photoelectrons emitted from sunlit parts of a spacecraft in orbit are important for the 
electrostatic potential of the surfaces of a spacecraft with respect to the ambient plasma potential 
[22]. Basically the photoelectron current produced as the result of photoelectric effect is used in 
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different types of photodiodes and phototransistors. The photoelectron current is very useful in 
many solar light sensitive diodes and solar power such as solar cells. In semiconductors, 
photoelectron current is produced by exciting the electrons or by kicking out electrons from the 
valence shells by throwing light even of low energy. This current produced in semiconductors is 
used for different purposes and has voltages related to the band gap energy.   
        One of the major uses of the photoelectron current is in photomultipliers. In 
Photomultipliers, the current is used for the detection of low levels of light. In the early days of 
television, the photoelectron current was also used in video camera tubes. This is produced in 
Silicon image sensors by knocking out the electrons from outer most shell of the solid but not out 
of the matter. This photoelectron current is then used in different charged couple devices.  
      The gold leaf electroscope is an important tool in illustrating the photoelectric effect.        
Photoelectron current is also used in electroscope which is designed for the detection of 
electricity. For instance, if the electroscope is negatively charged throughout, there is an excess 
of electrons and the leaf is separated from the stem. If high-frequency light shines on the cap, the 
electroscope discharges and the leaf will fall limp. This is because the frequency of the light 
shining on the cap is above the cap's threshold frequency. The photons in the light have enough 
energy to liberate electrons from the cap, reducing its negative charge. This will discharge a 
negatively charged electroscope and further charge a positive electroscope. However, if the 
electromagnetic radiation hitting the metal cap does not have a high enough frequency (its 
frequency is below the threshold value for the cap), then the leaf will never discharge, no matter 
how long one shines the low-frequency light at the cap. 
      Photoelectron spectroscopy is also one of the main applications of the photoelectron current. 
The energy of incident photons can be found with the help of photoelectron current because 
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energy of incident photons is equal to the sum of binding energy of material’s work function and 
the energy of photoelectrons. The binding energy is determined by bombarding the matter with 
ultraviolet source or monochromatic X-ray source. On the other hand, energy of emitted 
photoelectrons is determined by measuring the kinetic energy of photoelectron current.   
       Photoelectron current of positive or negative charges is also produced in space craft due to 
the photoelectric effect. The parts of spacecraft exposed to the shadow develop a negative 
current of several kilovolts. On the other hand, the parts of spacecraft exposed to light produce a 
positive current.   
      Furthermore, the sunlight hits the lunar dust, they get charged due to photoelectric effect. The 
surface of the moon is lifted off due the repulsion of this charged dust. So, the photoelectric 
effect is also used to study the surface of the moon. Apart from all of the above mentioned uses, 
photoelectron current produced during photoelectric effect also has a great use in night vision 
devices. The photoelectrons are ejected out when light is fallen on gallium arsenide plate of the 
night vision devices which are then amplified into cascade of electrons. These amplified 
electrons are used to lighten up a phosphor screen.   
2.3.4 Importance of Photoelectron Current in Spacecraft charging 
         Spacecraft charging is a function of the space environment characteristics, including 
sunlight, eclipse, solar activity, and the resulting plasma parameters. These effects can be 
advantageous or disadvantageous, for instance sunlight exposure provides photoemission, that 
can act as a charge drain to neutralize the surface potential, or that can act as a discharge trigger 
upon emergence from eclipse. This is as the result of space environment not constant and a 
spacecraft experiences different environmental conditions along its orbit.  
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      In sunlight, the spacecraft has the positive floating potential because of the photoelectron 
current from the sunlit surface which amounts to about ten times greater than the ambient 
electron current. Furthermore, in very low-density plasma environment like magnetosphere, it is 
considered that the temperature of the photoelectron emission plays an important role to 
determine the magnitude of the spacecraft potential [23] 
      In sunlight, the photoelectron current from a surface is usually much greater than the plasma 
current. Therefore, in sunlight the equilibrium is controlled by emission and re attraction of 
photoelectrons. This form a key parameter in determining to what equilibrium charge a 
spacecraft will established under given environmental conditions. Under this condition, the 
photoelectron current usually balances the absolute spacecraft potential to a few volts positive 
[24]. In regions where the cold plasma density is low, the possibility exists that surfaces can 
charge to very high potentials. And in eclipse, in the absence of photoelectron current due to 
sunlight, surfaces may charge to the levels of tens of kV. 
      As one of the inputs in the determination of spacecraft charging phenomena, it will be useful 
in the mitigation process of the charging hazards during the designs phase.  
2.4 Solar Intensity 
				The solar intensity is the energy in the form of radiation that is emitted from the sun and that 
hits the Earth. It is measure in Watt per square meter, W/m2. A graphic representation of the 
solar intensity is given in Figure 2.3.	 [1], [25], [26]. This is used in equation (4) in the estimation 
of the current density at AM0.  
                                                              F( ) = Ir/W l                                                                    (4)  
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Figure 2.3. Plot representation of solar intensity 
 
2.5 Photoemission Yield 
      The photoemission yield (PEY) represents the number ratio of photoelectron to the 
incident photon. This is representing as Y (λ); λ is the wavelength of the light measured in nm. 
The PEY varies with the incident photon energy or wavelength, the incident angle and the 
reflectance of the material. As the photoelectric effect is a kind of quantum phenomenon, the 
photoemission yield is also known as the quantum efficiency. This can be expressed in Equation 
(4):  
 
                             ( ) Number of emitted electronsY λ  
Number of incident photons
=                                                     (4)         
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2.6 Estimation of Photoelectron Current at AM0                                                        
         On-orbit photoelectron current density, Jpho, is defined as the amount of electric current 
flowing per unit cross-sectional area of a material. It is measured in micro-Ampere per square 
meter, µA/m2. Air mass zero (AM0) is defined as a condition for which no reduction in amount 
of sunlight due to earth’s atmosphere is considered. The AM0 is essentially unvarying and its 
total power density, integrated over the spectrum [27], [28].  This is used to determine the 
photoelectron current parameter in orbit. 
To estimate the photoelectron current at AM0, a prototype current-voltage amplifier circuit 
was developed. For ground-based testing, the prototype was used to estimate photoelectron 
current of samples irradiated by UV light. The photoelectron yield (PEY) was determined by 
irradiating the surface of Gold, Kapton®, and black Kapton® samples with an ultraviolet light 
with different wavelengths as illustrates in Figure 2.4[29]. 
 
 
Figure 2.4. Photoelectron yield measurement representation 
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The photoelectron current was measured from the samples back side using the current-voltage 
amplifier circuit. The plot of the resulting PEY is shown in Figure 2.5. Using Equations (1) and 
(4), the current density, Jpho, could be estimated and the results for the different samples are 
summarized in Table 2.1. [30] 
                                                                                                                  
 
Figure 2.5. Photoelectron emission yield plots for each sample 
	
	
	
	
	
	
24	
	
	
Table 2.1. PEC estimation of current density for each sample at AM0 
Material Current, Jpho (µA/m2) Wavelength (nm) 
Gold 13 112 – 260 
Kapton® Polyimide 2.1 112 – 200 
Black Kapton® 6.1 112 – 250 
 
2.7 HORYU-IV Satellite 
     HORYU-IV is a technology demonstration satellite developed by a semi-professional team 
from Kyushu Institute of Technology (Kyutech). It is a 30cm cubic satellite with an approximate 
mass of 10kg. HORYU-IV carries a high voltage photovoltaic solar array capable of generating a 
voltage up to 350V. Its main mission is to acquire an arc current waveform by an onboard 
oscilloscope and capture its image by a camera triggered by the oscilloscope [31]. And the 
photoelectron current measurement mission (PEC) is one of its sub-missions located on – Z 
panel of HORYU-IV in Figure 2.6. The overall purpose of this satellite is to contribute to the 
advancement of space science and technology [32]. This was launched on February 17, 2016 
(JST), to an altitude of 575km and 31ᵒ inclination by H-IIA rocket as a piggyback satellite with 
ASTRO-H (Hitomi) satellite. 
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Figure 2.6. PEC on –Z axis of HORYU-IV  
2.8 Existing Studies on Photoelectron Current Measurement 
      There have been some studies related to this research; these were achieved by carrying out 
measurement in the laboratory and estimation of the photoelectron current density in orbit.  
     Some of these studies include estimation of current density and net current of photoelectrons 
in laboratory experiments and in-situ measurements from spacecraft in space environment. In 
1973, [33] combined laboratory measurements of photoemission from various materials with the 
best available solar spectrum data collected in space, to determine the density of the 
photoelectron current in space. 
    In-ﬂight investigation on the photoelectron current density was carried out from various 
spacecraft, such as GEOS-1, GEOS-2, and ISEE-1 (e.g., Pedersen et al., 1984; Schmidt and 
Pedersen, 1987; Pedersen, 1995) [34]. In accordance with Langmuir probe theory; the spacecraft 
potential was a function of electron density, temperature and photoelectron current density 
	
PEC	on	–Z	
Panel		
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(Mozer et al., 1983; Pedersen et al., 1984).  [35], on the other hand, re-examined the energy and 
the net current of photoelectrons by using the spacecraft potential and the ambient plasma 
parameters, both measured by the GEOTAIL spacecraft over a wide range of plasma parameters.  
      Table 2.2 shows the various current densities estimation obtained in space environment using 
different approaches.  
Table 2.2. Current densities from various studies in space environment 
  
Notes: Results of ﬁtting photoelectron current in the form of Iph (φsc) = Iph (0) exp (− φsc/φ0), or 
photoelectron current density in the form of Jph (φsc) = J0 exp (− φsc/φ0), where φsc is spacecraft 
potential. N0 is photoelectron density at the surface of spacecraft, and λD is the Debye shielding 
length [36].	 
      It is recognized from Table 1 that photoelectrons with a smaller characteristic energy φ0 have 
larger J0 and higher concentration N0 in the vicinity of the spacecraft.  
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      In section 6.6, we will discuss these results; compare the Grard (1973) with others 
predictions and our result of the measurements in space. 
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CHAPTER THREE 
EXPERIMENTAL APPARATUS AND TEST SETUP 
        This chapter will give descriptions about the materials, test facilities and its arrangement in 
carrying out the experiment in this study. Thus provides some information on the apparatus, its 
functions, design specifications and how it is use to accomplish the objective in this study.  It 
will include the description of low earth orbit chamber in which almost all the simulation work 
were implemented, the principle of PEC measurement in LEO chamber, circuitry of 
photoelectron current measurement system, voltage output and its equivalent input current, PEC 
measurement system, measurement point on PEC circuitry in LEO Chamber and PEC subsystem 
interface with others subsystem of HORYU IV satellite. This will help in effective 
implementation of PEC mission on HORYU IV satellite.  
     All experimental testing were performed at the Laboratory of Spacecraft Environment 
Interaction Engineering (LaSEINE) in Kyushu Institute of Technology, Japan.   
3.1 Low Earth Chamber (LEO) 
    LEO plasma experiment simulation was performed in a stainless steel ring vacuum chamber.  
Figures 3.1 (a-b) shows the LEO chamber and its schematic connections with PEC measurement 
system in and outside the chamber, details on the connections arrangement is in Figure 3.5.   
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a) 
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b)	
Figure 3.1. a) LEO Chamber; b) its schematic diagram connections with PEC measurement 
system 
	
       The chamber is with internal dimensions of diameter 1.0 m x length 1.2 m, pressure of  
1x 10-4 pa, temperature of 1.0 eV and pumping speed of 300 liters/secs.  The gas pressure inside 
the chamber is maintained at 2.0x10-2. The Plasma is generated by electron cyclotron resonance 
source (3.5- 5 GHz) and has xenon (Xe) gas that is fed at a flow rate of 0.40 sccm controlled by a 
flow-meter. It is evacuated by a rotary pump backed by turbo molecular pump connected in 
series that have ultimate vacuum level of 7.5x10-3 Pa. The chamber has two pumps, the rotary 
and turbo molecular pumps shows in Figure 3.2.  Figure 3.3 presents a power source for the 
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plasma ignition with ignited voltage ~55-58 V and a current ~0.001 A. This chamber generates 
plasma density of 1011 ~1012 m-3.  
	
Figure 3.2. LEO’S chamber apparatus 
     Inside the LEO chamber is installed a Langmuir probe that can measure electron density, 
electron temperature and plasma potential that allow the determination of the physical plasma 
properties. Langmuir probe consist of one or more electrodes, inserting into the plasma with 
electric potential between that could be constant or varying.        
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Figure 3.3. ECR plasma power source 
3.2.Principle of PEC Measurement in LEO Chamber 
 
       The experimental set up of PEC system in LEO chamber and its schematic diagram are 
shown in Figures 3.4 and 3.5. Measurements of the photoelectron current in plasma condition 
were performed based on the photoelectric effect. Measurements were carried out when the 
ultimate plasma conditions (plasma density between 1011~1012m-3) were reached. 
       First, PEC circuit board is supplied with ±5V DC from battery. Second, the ozone light that 
serves as UV source is turned on. The electrons of the different samples surface absorb the 
photons from the UV source. The photons’ energy is sufficient for the electrons at the surface of 
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the different samples to move, which create a small electric current. Then, the +24V grid 
electrode bias is turned on from the voltage regulator.  
 
	
Figure 3.4. PEC system in LEO chamber 
 
Without using such biased grid electrode, the plasma generated in the LEO chamber absorbs the 
electrons emitted from the samples surface, which makes it impossible to measure the 
photoelectron current.   
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Figure3.5. Schematic diagram of connections of the chamber 
 
This is why a +24V biased mesh electrode is placed between the samples surface and the 
photons source. Finally, the current-voltage amplifier circuit of PEC system amplifies the 
photoelectrons current generated and the value of the current can be read using an oscilloscope. 
3.3 Circuitry of Photoelectron Current Measurement System 
       PEC measurement system is a current-voltage amplifier circuit that consists of an ultra-low 
input operational amplifier (LMC6001), an operational amplifier (MCP6032SN), capacitors, 
resistors and other discrete components. Each material sample has its own dedicated circuit with 
gains of 1G, 3G and 1G, respectively and all three circuits are mounted on a single printed circuit 
board (PCB). This circuit was designed with Easily Applicable Graphical Layout Editor 
(EAGLE) software and the components were located on the printed board as defined in the 
circuit diagram and then soldered. The schematic diagram of PEC measurement circuit is 
presented in Figure 3.6.  
35	
	
 
Figure 3.6. PEC measurement circuit schematic  
 
 
3.3.1. Voltage Output and its Equivalent Input Current      
        In Figure 3.6 for each sample, the relationship between the output voltage (Vout) and 
equivalent input current (Iin) is given by Equations (5–6). 
                                                            4 1 Iin 3Vout  R R R=                                                                   (5) 
                                                       out 1Iin  V R=                                                                        (6) 
 
3.4 PEC Measurement System 
 
      PEC measurement system schematic is presented in Figure 3.7. The PEC system consists of a 
rectangular PCB with a length of 133mm and width of 27mm. The three samples are placed on 
the PCB front side and electronic components on the back side.  
     To prevent plasma sheath effect, a mesh grid electrode with the same dimensions as the PCB 
and biased at +24V is placed between the samples and the satellite panel. To allow photons 
strikes onto the different samples, dedicated holes for each sample were made in the satellite 
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structure.  
     The area of each hole is based on the sample type. For the Au sample, there is one hole of 
15mm diameter over the sample, whereas for Kapton® and black Kapton®, there are two holes 
of 15mm diameter over the sample to increase the sample area exposed to photons strikes and 
increase chances to generate and measure photoelectron current for these two samples. The on-
orbit PEC measurement system as mounted on HORYU-IV is detailed in Figure 3.8 and Table 
3.1 presents the three samples characteristics. 
 
 
Figure 3.7. PEC measurement system schematic 
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Figure 3.8. On-orbit measurement system schematic 
 
 
 
Table 3.1. Samples Properties 
Properties Au Kapton® Black Kapton® 
Conductivity 
  
Conductor 
 
Insulator 
 
Semi-conductor 
 
Thickness 0.1mm 25.4µm 1.25mm 
 
3.5 Measurement Point on PEC Circuitry in LEO Chamber 
						This identify a point on the circuitry the photoelectron current can be measured. Figure 3.9 
shows the measurement point on PEC circuit in LEO plasma chamber.  The measurement was 
achieved when ± 5 volts DC source was turned to switch on the PEC circuit, UV source turned 
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on, and the + 24 volts grid biased. Then the photoelectron current measured at the sample surface 
is amplified by LMC6001. The input current (Iin) moved along the circuit over R1, as the input 
(Cin) and feedback (Cf) capacitors maintained the required voltage level. The 9.1 k, a pull up 
resistor ensure that the signal was at a valid logic level. 
	
Figure 3.9. Measurement point on PEC circuitry in LEO chamber 
 
     At point V1 the produced voltage was negative. The MCP6032SN amplifier circuit converts 
the voltage to a positive value as it could be read by microcontroller circuit of Big Apple 
subsystem of Horyu IV. 
  The Vout waveform was observed over the oscilloscope; the data collected and analyzed using 
Equations (5 -6), to obtained an equivalent input current for each sample.  
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3.6 Interface Connections with other HORYU-IV Subsystems 
     
   PEC subsystem interfaced with the electrical power system (EPS), altitude orbit and 
determination system (AODS) and on-board computer (OBC), and structure via the Big Apple 
board.  
The interface connections schematic of PEC system is shown in Figure 3.10 and the interface 
connections sequence is as follows: 
1) OBC writes a command to Big Apple flash memory. 
2) Big Apple board’s microcontroller reads this command and closes a 5V power supply switch 
provided by EPS. 
3) If the –Z panel sun sensor measurements, provided by AODS through ADC using serial 
peripheral interface connections, show that the incident sunlight is at the acceptable threshold 
of 16.5ᵒ from the perpendicular to the surface. Big Apple microcontroller closes the +24V 
switch to bias the PEC grid electrode. This sun-sensor has square field of view (FOV) with 
half angle of 16.5 degree. 
4)  PEC mission starts.  
5) After the mission ends, Big Apple microcontroller receives data from PEC system. 
6) Data received from PEC system are written in Big Apple flash memory.  
7) OBC reads the PEC data through Big Apple flash memory. 
8) PEC data are transmitted through UHF antenna to Kyutech’s ground station 
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Figure 3.10. Schematic of PEC system interfaces 
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CHAPTER FOUR 
 
GROUND-BASED EXPERIMENTAL TESTING 
 
 
This chapter will give explanation on various tests implemented on the ground in this study. 
This is to ascertain PEC subsystem workability and its performance in space environment. Those 
tests help verifying the design objectives are achieved and obtaining ground-based results 
reference for comparison with the on-orbit results. The details of the tests are presented in this 
section. 
4.1 Atmosphere Test for PEC Circuit Board 
 
   The test is carried out with the intention to test for functionality of the PEC measuring circuit 
in atmosphere condition. And to ensure that all the output current from the three samples are 
obtain in the order of nana-ampere.  
The atmosphere test setup is described in Figure 4.1(a). This consists of PEC measurement 
system PCB with samples placed on the front side, a DC load (Kikusui PMC 35-3a) set at 1V/A 
output, a 1GΏ resistor, a DC power source (battery), a digital multi-meter (Hioki 3804-50 
Hitester), and an oscilloscope (Tektronix TBS1104).  
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a) 
 
 
b) 
Fig. 4.1a). Test set up in atmosphere of PEC system PCB; b) PEC system functional diagram 
 
All parts are connected in series and have a common ground. This circuit configuration was 
selected to confirm that each sample current output value is in the order of nano-Ampere, when 
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excited with 1V via 1 GΏ resistor. The functional diagram of the schematic is shown in Figure 
4.1(b) and Table 4.1 presents the output voltage for each sample and corresponding equivalent 
current. The values are in agreement with Equation (6). 
 
Table 4.1. Output voltage and current measurements 
 Gold Kapton® Black Kapton® 
Voltage (V) 1.16 0.08 0.73 
Current (nA) 1.16 25.4 732.3 
 
4.2. PEC Experiment in LEO Plasma Chamber 
 
       The experiment was carried out in LEO plasma chamber to simulate the low earth orbit 
environment. This test was performed to verify and validate the functionality of the circuit in a 
simulated space environment.  
The experimental setup of the PEC measurement system in the LEO chamber is shown in 
Figure 3.4. This consisted of small and large Langmuir probes, an ozone lamp (GL-6Z model), a 
cylindrical cup, and PEC measurement system placed in a rectangular aluminum box of 
178mm×178mm×71mm covered with polyimide tape to shield the box from the effect of plasma. 
The ozone lamp served as UV source and was placed 15cm away from the aluminum box. 
The schematic diagram of the chamber connections is described in Figure 3.5. It consisted of 
two JST connectors, and one AWG26 cable. One JST connector had pins connected to +5V, -5V, 
and ground, which were used to connect PEC measurement PCB to DC power source. The other 
JST connector had three outputs for measurements and was used to connect PEC measurement 
PCB to the oscilloscope. A single AWG26 cable was used to supply +24V and was connected to 
voltage regulator (PSW 80-13.5GW INSTEK). The voltage regulator and oscilloscope were 
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connected in series with isolation transformer. This configuration was selected to suppress 
electrical noise. All different parts were connected to a common ground.  
The experiments were carried out under four different conditions: 1) vacuum only, 2) vacuum 
and UV (no plasma), 3) vacuum and plasma (no UV irradiation), and 4) vacuum and UV and 
plasma. The data and waveforms were acquired using the oscilloscope.  
 The current time profiles for each sample are presented in Figures 4.2(a-c). The results 
indicate that the PEC circuit was switched on at –5 seconds (±5V). Then, the grid electrode 
biased at +24V was turned on at zero second. After the biased grid electrode was turned on, it 
can be observed for vacuum and plasma case that no photoelectron current was measured since 
there was no photons generation through a UV source. For vacuum and UV case and for vacuum 
and UV and plasma case, the maximum current values measured for each sample are presented 
in Table 4.2. 
	
a) 
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b) 
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c) 
Figures 4.2. Samples current profile. a) Gold; b) Kapton®; c) Black Kapton® 
 
 
Table 4.2. Current measurements depending on testing conditions 
Material UV only (nA) Plasma and UV (nA) 
Gold 1.88 2.89 
Kapton® 0.47 0.76 
Black Kapton® 0.88 2.60 
	
4.2.1 Investigation into Current Difference between Plasma and UV Case and UV only    
         Case  
       An investigation into the current difference between these cases is to examine the reason for 
the occurrence in current difference in the LEO chamber. This is to allow the understanding on 
how the photoelectron current is related to the plasma current. Such information helps in 
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knowing their variations, which could serves as a better input in the estimation of on-orbit 
current density.  
   The experimental set up for the investigation of current difference between UV only case and 
plasma and UV case in LEO chamber is shown in Figure 4.3.  
	
Figure 4.3. Test set up for the investigation of current measurements difference depending on 
testing conditions (UV only or plasma and UV) 
 
      The set up consisted of a controlled motor, small and large Langmuir probes, a cylindrical 
cup, an ozone lamp (GL-6Z model), and PEC measurement system placed in a rectangular 
aluminum box and covered with polyimide tape to shield the box from the effect of plasma. The 
ozone lamp served as UV source and was connected to the controlled motor to be able to adjust 
its position. The schematic diagram for the connections arrangement the LEO chamber is 
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illustrated in Figure 3.5. The data were collected using the oscilloscope and then analyzed. 
   The current differences between UV only case and plasma and UV case are presented in 
Table 4.3. These data were extracted from different plots of black Kapton® current time profiles. 
The measurements were performed within the current data values similar to HORYU-IV’s orbit 
current data values. The plot of current difference against plasma density is shown in Figure 4.4. 
This shows that the minimum and maximum current values with plasma effect were respectively 
0.8nA and 0.1nA.  
It can also be observed from Figure 4.4 that the current difference increases as the plasma 
density increases due to plasma ions and electrons interactions on the samples surface. Impact of 
ambient electrons may have caused secondary electrons emission from the surface which cannot 
be distinguished from the photoelectrons. 
Table 4.3. Test results for different (UV only or plasma and UV) testing conditions  
Plasma 
Density 
(m-3) 
Mean_UV 
(nA) 
Mean_P +UV 
(nA) 
Current Diff.( nA) 
Diff/UV 
(nA) 
  1.1x1011 
   1.3 x1011 
  2.0 x 1011 
  2.0 x10 11 
  2.0 x 1011 
  5.1 x 1010 
  6.1 x 1011 
  7.0 x 1010 
  7.4 x 1010 
            2.10 
0.07 
0.40 
0.46 
0.40 
0.23 
2.09 
0.23 
1.09 
         2.60 
0.51 
1.11 
1.25 
1.21 
0.34 
2.88 
0.34 
1.48 
            0.50 
0.44 
0.71 
0.79 
0.81 
0.10 
0.79 
0.10 
0.39 
         0.24 
6.63 
1.77 
1.69 
2.00 
0.45 
0.38 
0.45 
0.36 
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  8.0 x 1010 
  8.1x 1011 
  9.0 x 1010 
  9.0 x1010 
  1.1 x 1011 
1.07 
2.10 
1.12 
0.35 
0.45 
1.55 
2.81 
1.49 
0.71 
0.72 
0.48 
0.71 
0.37 
0.36 
0.27 
0.44 
0.34 
0.33 
1.01 
0.61 
 
 
	
Figure 4.4. Current differences against plasma density 
 
 
4.2.2 Measurement of ozone light intensity 
         Ozone (O3) is a triatomic molecule, consisting of three oxygen atoms. It is an allotrope of 
oxygen that is much less stable than the diatomic allotrope (O2). The ozone is an active 
modification of the oxygen. It has a clear blue color and a spicy odor, is much more active than 
oxygen. It is considered the most powerful oxidant on the earth and it has a lot of applications. 
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    Ozone can be produced by many ways, but commercially UV light derived from UV source of 
Ozone production is one of the most popular methods [37]. Each wavelength of light favors 
different reactions and their quantum yield. The breakdown of the oxygen molecule has a higher 
yield at wavelengths less than 200nm [38]. 
 In this experiment, ozone light was used as a UV source. However, since UV wavelength is 
short, ozone lamps efficiency is low, ~1%.	 For effective ozone production it is therefore 
necessary to utilize a short wavelength ~185nm [39]. 
Photoelectron current emitted from a surface is directly proportional to the light intensity [40] 
and the proportionality constant depends on the surface material of the object [41].	 During 
testing, it was observed that light intensity decreased when reaching the samples surface due to 
the biased grid electrode effect.  
	
Figure 4.5. Chamber set up to determine ozone light intensity with and without grid electrode 
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   It was therefore necessary to calibrate the UV lamp intensity by determining the difference 
of lamp intensity measurements in the case of the absence of biased grid electrode and in the 
case of presence of biased grid electrode. Thus, determine how much light intensity was lost 
relatively to the estimated photoelectron current and measured current.   
   The measurement was taken under the vacuum case and plasma case with a plasma density 
of 2×1011m-3 and chamber pressure of 7.5×10-3Pa. The same intensity spectrum was observed 
under these conditions as in Figure 4.7.	 The determination of the ozone light intensity with and 
without biased grid electrode is presented in Figure 4.5 and the connections are detailed in the 
schematic diagram in Figure 4.6.  
 The measurement set up detailed in Figures 4.5 and 4.6 consisted of a spectrometer (Maya 
2000 PRO), a UV laser sensor (H8496), an ozone light (GL-6Z model), a grid electrode of 
131mm by 27mm placed between two insulators, a plasma source, a cylindrical cup, a power 
source (TMK 1.0-50), an oscilloscope, and PC.  
 The distance between the UV source and the top insulator substrate was 15cm and the 
distance between the bottom insulator and sensor was 2mm. Holes were developed on top of the 
substrates as shown in Figure 3.7 to allow radiation of UV light on the sample surface. These 
insulator substrates protect PEC PCB from the effect of +24 V of grid electrode that could have 
interfere with the proper functioning of the circuit.	 The +15V line and two ground lines of the 
sensor were connected to the power source supply, whose output signal was connected to the 
oscilloscope through an amplifier (DLP CA-200) to gain high speed current amplification. The 
spectrometer was connected to the PC to be able to observe the waveforms.  
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Fig. 4.6. Schematic of light intensity measurement with and without grid electrode 
 
The biased grid electrode was connected to the cylindrical cup on controlled motor in the 
chamber, through a string to be able to drive away the grid electrode and hence obtain 
measurements with and without biased grid electrode. The data were collected using the 
oscilloscope and PC, and then analyzed. 
4.2.3 Light Intensity with Grid Electrode 
The intensity spectrum profile for 6.2×104 counts and wavelength of 185nm is shown in Fig. 
4.7. The data were calibrated using a typical sensitivity characteristic curve from the sensor data 
to obtain 2.39×10-7 counts over the same wavelength. The sensor gave an output waveform 
current value at 80nA.  
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Equation (7) gives the light relative intensity with grid electrode for 185nm wavelength and 
sensor hole radius, r, of 3mm. Equation (8) gives the light intensity (Ir) with presence of grid 
electrode, expressed in Watts per square meter. 
                                      Intensity = 80 nA/ 2.39 mA/W.                                                      (7)   
																																									 -5 2Intensity = 3.3473 x 10 / π r .                                                           (8)     
                                                                                                    
	
Figure 4.7. Profile of intensity (counts) against wavelength (nm) 
 
4.2.4 Light Intensity without Grid Electrode 
           
Measurement without grid electrode was obtained using the current time profile waveform 
from the sensor with a set current value of 160nA. The intensity waveform profile was the same 
as in Figure 4.7 for 6.2×104 counts and at a wavelength of 185nm. The data were calibrated using 
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a typical sensitivity characteristic curve and 2.39×10-7 counts over the same wavelength were 
obtained. The intensity (Ir) without grid electrode is expressed as shown in Equation (9): 
                                                                                                   
																																																	 Intensity = 160 nA/ 2.4 mA/W 																																																														 (9) 
 
This intensity (Ir) without grid electrode could be expressed in terms of power per meter 
squares as shown in Equation (10).  
																																																														 -5 2Intensity = 6.7 x 10 / π r ,       																																																(10) 
	
 
The difference between Equations (8) and (10) due to the absence or presence of the grid 
electrode (grid effect) is given by Equation (11). The ratio with this grid effect is denoted by α0 = 
0.5.  
   
                                     -5 2Intensity = 3.3 x 10 / πr ,                                                          (11) 
 
4.2.5 Estimation of PEC with Grid Effect 
           From Equation (1), the photo-fluence, F(λ), is given as in Equation (4).  
With the elementary charge, q = 1.6020×10-19C; the ozone light intensity, Ir = 1.2W/m2, obtained 
from Equation (11) ; and the resulting photo-fluence, F(λ) = 1.1×1018m-2s-1. 
From Equation (1), the photoelectron current can be obtained as given in Equation (12). 
                                         18ph J = 1.6020 x 1.1024 x10 x PEYé ùë û                                             (12) 
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Table 4.4 summarizes the estimated current for each sample and their corresponding PEY 
obtained from an experimental data in (12). These PEY were used in Equation (12) to obtained 
Jph for each sample. The estimated current were then obtained using Equations (12 -14) in 
Equation (13). 
  
                                       sample phI = J x Area                                                                              (13) 
                                               2Area =r ; r = 7.5 mm                                                               (14) 
Table 4.4. Estimated current and given PEY values for each sample 
Material Estimated current (nA) PEY 
Gold 6.15           1.97×10 -4 
Kapton® 1.36 2.18×10 -5 
Black Kapton® 4.32 6.93×10 -5 
 
From Equation (11), it can be observed that about 50% of the light intensity decreased in 
presence of grid electrode. Hence, as photoelectron current is a function of light intensity, the 
current emitted from the samples surface when taking into account the grid electrode is reduced. 
4.3. Interface Connections Test with other HORYU-IV Subsystems 
 
       This section considers all the tests implemented with PEC subsystem and other HORYU IV 
subsystems.  The interface connections test was performed to ensure that interfaces between PEC 
measurement system and other HORYU-IV subsystems were functional connected. And the 
required voltages and currents are measured. The connections and sequence of these connections 
to each subsystem have been discussed in section 3.4.   
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4.3.1. Integration Test with Big Apple Subsystem 
      The test was carried out to ensure that the interface connections with PEC and Big Apple 
subsystems are established and the Big apple flash memory is able to store the experimental data 
successfully.   
     The experimental set up of the integration test with Big Apple board is shown in Figure 4.8. 
For the experiment a plasma chamber with dimensions of 115cm×100cm×75cm was used. The 
Plasma was generated using a radio frequency generator at 13.56MHz (model T857-2) combined 
with a matching box (L/CON300PF and C-102Y). Argon gas was fed at a flow rate of 10sccm 
controlled by a flow-meter (STEC Mass flow system, model PAC-3HS) and the power level was 
set below 20W.  
During the experiments, the gas pressure inside the chamber was maintained at 2.2×10-2Pa. 
The chamber was evacuated by a cryogenic pump (Ulvac Cryogenics, model CRYO-U 16) 
backed by two mechanical pumps connected in series that maintained the ultimate vacuum level 
at 1.3×10-2Pa 
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Figure 4.8. PEC system PCB set up in square chamber for integration test 
 
The schematic of PEC system interface connections is shown in Figure 4.9. This consists of 
DC power supply (battery) connected to OBC and EPS board to supply Big Apple board with 
regulated 5V and 3.3V and a programmable interface controller (PIC). 
Moreover, there were two 3-pin JST connectors: one for power supply to PEC circuit board 
(+5V, -5V, and ground) and one to collect output data from the three samples that connected 
PEC circuit board to Big Apple memory. There was also one line for the grid electrode that 
connected Big Apple to PEC circuit board using a 7-pin JST connector. 
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Figure 4.9. Schematic of PEC system circuit integrated with Big Apple  
 
 
The UV source was placed 15cm away from the PEC system and the test was performed under 
plasma and UV conditions. The test was performed to confirm the interface connections between 
PEC circuit and Big Apple board and to verify and validate that Big Apple board memory could 
store PEC data.  
First, the plasma was turned on. Then, after two seconds, UV light was turned on. Within the 
two seconds, the ±5V and +24V power supplies to PEC circuit were switched on by Big Apple 
microcontroller and mission started. The output data were collected through PIC and stored in 
Big Apple flash memory.  
The integration test results presenting the current time profiles for Au and Kapton® samples 
are shown in Figures 4.10 (a-b). From the results, it can be observed that PEC circuit was first 
turned on at 0s. Then +24V was turned on, and finally the UV light was turned on. Moreover, the 
results indicate that Au sample shows the maximum output current at 0.8nA, whereas Kapton® 
output current was 0.28nA. The total mission time was 40s and 400sample/s as the sampling rate.  
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a) 
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b) 
Figures 4.10. Sample current profile, a) Gold; b) Kapton ® for PEC system integrated with Big 
Apple  
  
4.3.3. Integration with Structure Subsystem 
 
         The test with the structure subsystem is to ensure PEC subsystem can survive ground, 
launch and on-orbit environment, without rupturing, bucking and excessive distorting.  
The internal interface between PEC subsystem and HORYU-IV structure is shown in Figure 4.11.  
   From Fig. 4.11, it can be seen that there are three input lines, three output lines, and one line 
for the grid electrode. All harness for PEC system uses 490mm long AWG26 cables connected 
directly from the PEC system PCB to 9-pin micro D-sub connector to the center box (HORYU-
IV interface between its external panels and various subsystems PCBs). Then, the harness goes 
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from the center box to Big Apple PCB board. In this case, the harness length is 410mm. The 
external configuration between PEC subsystem and HORYU-IV structure is shown in Figure 
4.12. 
 
 
 
Figure 4.11. Internal interfaces between PEC system and structure 
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Figure 4.12. External interface between PEC system and structure (–Z panel) 
 
4.3.4. End-to-End Test 
End-to-end test was performed to ensure PEC mission could be executed soundly following 
the same sequence for mission command uplink, mission operations, and mission data downlink 
that would be used in-orbit.  
End-to-end test set up of PEC mission is shown in Figure 4.13 and the test schematic diagram 
is shown in Figure 4.14. It should be noted that the interface connection sequence followed the 
same sequence as described in Figure 3.10.  
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Figure 4.13. PEC mission set up with HORYU-IV’s EM model for end-to-end test  
 
After PEC mission was run, the obtained data were sent from the satellite to Kyutech ground 
station using UHF Yagi antenna. The test parameters were as follows: total mission time of 6 
mins: this includes 3mins for Big Apple subsystem to starts and ends and 3 mins for OBC to turn 
off. Therefore, PEC mission duration is 180 s, hence sampling rate becomes 8 sample/s based on 
the total number of acquired data of 1419. There were numbers of missing packet in these data 
that is the reason we had 1419 points.  
 
	
Figure 4.14. PEC mission end-to-end test schematic 
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  The bit count time profile is shown in Figures 4.15(a-c). It indicates that all the acquired data 
values were at 236 bit data, i.e. eclipse value. This is the value programed by Big Apple for PEC 
mission to have when the sun exit from the acceptable angle of the sun-sensor. But in Figure 
25(a) for Gold sample, there is an observation on the decrease data value after 117.9 s and 
maintained at constant values for 3 s, then increases up to 141.9 s. This fluctuation could be 
attributed to when the light intensity from the source (cell phone) was decreased and then 
increased again. 
 
a) 
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b) 
 
c) 
Figures 4.15. Samples bit count profile. a) Gold; b) Kapton®; c) Black Kapton® 
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CHAPTER FIVE 
IN-ORBIT TELEMETRY DATA  
 
       The mission full success required to measure photoelectron current from conductive and 
insulator surfaces from AM0 spectrum and in this section a summary of the PEC mission 
telemetry data of its on-orbit operations is presented. 
5.1. On-orbit Results 
      After the launched of HORYU IV satellite, PEC on-orbit experiments has been successfully 
performed from AM0 spectrum three times. The system was also tested under low intensity 
condition, by taking measurement from fraction of solar energy (shortwave radiation) which 
reflected from the Earth back into space, called Albedo. This was to confirm for PEC system 
functionality and performance in space.   
5.1.1 PEC Measurement at AM0  
       Under this condition, the experiments were carried out on; June 20, July 08, 2016 and June 
25, 2017. This is classified into experiment categories one, two and three respectively and details 
on the data are presented.  
5.1.1.1 Experiment One 
            This section considers the experiment that was performed on June 20, 2016 and the 
details on this are presented. 
            To know when PEC mission samples are illuminated by the sun, a sun sensor located on 
the same panel as PEC samples is used. Such information is provides by AODS through ADC 
using serial peripheral interface connections, show that the incident sunlight is within the 
acceptable threshold of 16.5ᵒ. This sun sensor signal to PEC mission is shown in Figure 5.1 and 
it indicates that PEC mission was turned on at 261s and off at 328s. In both cases, the mission 
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lasted for 67s. Figure 5.2 illustrates the sensor signal output waveform on -z panel of the satellite 
at magnitude of 28 (0.448 V) for the same duration. 
      
    
Figure 5.1. Sun sensor signal to PEC mission 
 
 
                Figure 5.2. Output of sun sensor on –Z panel 
  
The current time profiles from on-orbit measured data for each sample are shown in Figures 
5.3(a-c). The data were obtained when the satellite was orbiting over China at coordinates of 
28.60ᵒE and 115.74ᵒN at 04:30:28(JST).The corresponding experimental parameters including 
plasma density and electron temperature obtained from international reference ionosphere (IRI) 
2012 model site are shown in Table 5.1. 
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Table 5. Experimental parameters for on-orbit data 
Parameters Data 
Mission (s) 127.9 
Sampling rate (s/sample) 0.1 
Frequency (Hz) 10 
Data size (byte) 
Plasma density(m-3) 
Electron temperature (eV) 
5 
4.70 x  1010 
0.1 
Data Acquisition (count) 1279 
 
 
a) 
On-orbit data show that PEC circuit was turned on at 0 second; then, +24V bias was turned on 
at 14.5 seconds and after 2 seconds PEC mission started. Turning on the + 24 V, shows more 
increase in photoelectron emission current from the samples surfaces which is an important 
reason for providing the grid electrode at this voltage.  From Figures 5.3 (a-b), it can be observed 
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that Gold and Kapton® current values saturated, while in Figure 5.3(c) the black Kapton® 
current values increased from 2.34nA to 3.07nA for 35.2s. The 35.2s durations corresponds to 
the period the incident sunlight was within the acceptable threshold from 14.7s to 49.9s.  
 
b) 
After these 35.2s, the current output values were constant at 3.13nA, which corresponds to 
when the sun exit from the acceptable angle of sun-sensor of 16.5 degree as recorded by PEC 
mission through Big Apple board. The current value return to 3.13 nA, if the – Z panel sun-
sensor measurement provided by AODS through ADC using serial peripheral interface 
connection, shows that the incident sunlight is not at  the acceptable threshold of 16.5 degree. 
This is as programed by Big Apple subsystem for PEC mission. 
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c) 
Figure 5.3. Samples current profile. a) Gold; b) Kapton®; c) Black  Kapton® for on-orbit data 
 
 
5.1.1.2.Experiment Two 
         In this experiment, the sun sensor signal to PEC mission is shown in Figure 5.4 and it 
indicates that PEC mission was turned on at 249s and at 293s. In both cases, the mission lasted 
for 44s. 
      Figure 5.5 illustrates the sensor signal output waveform on -z panel of the satellite at 
magnitude of 100 (1.600 V) for the same duration. 
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Figure 5.4. Sun sensor signal to PEC mission 
         
 
Figure 5.5. Output of Sun Sensor on –Z Panel 
 
The current time profiles from on-orbit measured data for each sample are shown in Figures 
5.6 (a-c). The data were obtained when the satellite was orbiting over Philippine Sea at 
coordinates of 26.95ᵒ E and 129.13 ᵒ N at 06:03:14(JST). The corresponding experimental 
parameters including plasma density and electron temperature obtained from international 
reference ionosphere (IRI) 2012 model site are shown in Table 5.2. 
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a) 
 
b) 
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c) 
Figure 5.6. Current time profile. a) Gold; b) Kapton®; c) Black  Kapton® for on-orbit data  
 
 
 The on-orbit data show that PEC circuit was turned on at zero second; then, after a second, 
+24V bias was turned on and PEC mission started. From Figures 5.6 (a-b), it can be observed 
that Gold and Kapton® current values saturated, while Fig. 31(c), the black Kapton® current 
values increased from 1.83 nA to 2.66 nA for 37.7s. After these 37.7s, the current output value 
was constant at 3.13nA, which corresponds to when there was no incident of sunlight, due to an 
exit of the sun from the threshold of the sun-sensor. Then showing the value of 3.13 nA as 
programed by Big Apple subsystem for PEC mission.  
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Table 5.2. Experimental parameters for on-orbit data 
Parameters Data 
Mission (s) 88.9 
Sampling Rate (s/sample) 0.1 
Frequency (Hz) 10 
Data size (byte) 
Plasma density(m-3) 
Electron temperature (eV) 
5 
4.5 x 1010 
0.2 
Data Acquisition (count) 889 
 
5.1.1.3 Experiment Three 
            This section described the detail of the experiment performed on May 25, 2017.  The sun 
sensor signal to PEC mission is shown in Figure 5.7 and it indicates that PEC mission was turned 
on at 261.1s and at 326.1s. In both cases, the mission lasted for 65s. 
        Figure 5.8 illustrates the sensor signal output waveform on -z panel of the satellite at 
magnitude of 28 (0.448 mV) for the same duration. 
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Figure 5.7. Sun sensor signal to PEC mission 
The current time profiles from on-orbit measured data for each sample are shown in Figures 
5.9(a-c). The data were obtained when the satellite was orbiting over East China Sea at 
coordinates of 31.08ᵒN and 128.29ᵒE at 07:07:33(JST).The corresponding experimental 
parameters including plasma density and electron temperature obtained from international 
reference ionosphere (IRI) 2012 model site are shown in Table 5.3. 
 
Figure 5.8. Output of Sun Sensor on –Z Panel  
Table 5.3. Experimental parameters for on-orbit data 
Parameters Data 
Mission (s) 164.9 
Sampling Rate (s/sample) 0.1 
Frequency (Hz) 10 
Data size (byte) 
Plasma density(m-3) 
Electron temperature (eV) 
5 
5.0 x 1010 
0.2 
Data Acquisition (count) 1649 
 
On-orbit data show that PEC circuit was turned on at 0 second; then, +24V bias was turned on 
at 12.6 seconds and after 2 seconds PEC mission started. Turning on the + 24 V, shows more 
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increase in photoelectron emission current from the samples surfaces.  From Figure 5.9 (a-c), it 
can be observed that at 12.8 – 160.4s is the period when the incident sunlight was within the 
acceptable threshold, which lasted for 147.6 s for the samples.  At 113.0s, all the samples show 
maximum current values at 2.6 nA, 0.6 nA and 1.1nA for Gold, Kapton ® and black Kapton ® 
respectively. Unlike the previous experiments under this condition show no saturation on Gold 
and Kapton ® samples. This may be attributed to the behavior of the amplifier circuit or 
contamination on the surface of the samples material and degradation due to space environment.  
After 147.6 s, the current output values for all the samples were constant at 3.13 nA, 
corresponds to when the sun exit from the 16.5 degree.  
 
a) 
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b) 
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c) 
Figure 5.9. Current time profile. a) Gold; b) Kapton®; c) Black  Kapton® for on-orbit data  
 
5.1.2. PEC Measurement from Albedo 
         Under this condition, Figure 5.10 shows the sun sensor signal to PEC mission. This 
indicates that PEC mission was turned on at 152s and at 505s. In both cases, the mission lasted 
for 360s. 
 
Figure 5.10. Sun sensor signal to PEC mission  
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      Figure 5.11 illustrates the sensor signal output waveform on -z panel of the satellite. This 
occurred under two conditions; reflected light: sun sensor form -Z panel detected light when +Z 
solar panel was illuminated by Sun. The detected light had low intensity and output signal from 
sun sensor exceed level of 3 points (0.048 V) for same duration. This light was low, because the 
output current measured from all the samples were at low values. 
	
	
Figure 5.11. Output of sun sensor on –Z Panel 
 
Light from Sun:	sun sensor form -Z panel detected light when -Z solar panel probably had 
highest illumination by Sun. The output signals from sun sensor exceed level of 240 points 
(3.840 V). 
The current time profiles from on-orbit measured data for each sample are shown in Figures 
5.12(a-c). The data were obtained when the satellite was orbiting over Philippine Sea at 
coordinates of 26.70 ᵒ E and 131.02 ᵒ E. The corresponding experimental parameters including 
plasma density and electron temperature obtained from international reference ionosphere (IRI) 
2012 model site are shown in Table 5.4.  
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Table 5.4. Experimental parameters for albedo data 
Parameters Data 
Mission (s) 158.9 
Sampling Rate (s/sample) 0.1 
Frequency (Hz) 10 
Data size (byte) 
Plasma density (m-3) 
Electron temperature (eV) 
5 
4.1x 1010 
0.1 
Data Acquisition (count) 1589 
 
 
a) 
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b) 
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c) 
Figure 5.12. Current time profile. a) Gold; b) Kapton®; c) Black Kapton® for albedo data  
 
The on-orbit data show that PEC circuit was turned on at zero second; then, after a second, 
+24V bias was turned on and PEC mission started. From Figures 5.12 (a-c), it can be observed 
that Gold, Kapton® and black Kapton® current recorded from 20.3 s to 156.4s for 136.1s. After 
this period, the current output value was constant at 3.13nA, which corresponds to an exit of 
sunlight from sun sensor threshold as recorded by PEC mission through Big Apple board. 
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CHAPTER SIX 
VALIDATION OF LABORATORY WITH ORBIT DATA RESULT 
      This chapter will give an explanation about methods use in validation of the analyzed orbit 
data with the estimated ground-based data in this study. It will include brief description about the 
sun sensor in consideration, calibration of PEC signal from sensor signal data, estimation of 
angles of elevation from the sun, on-orbit photoelectron current estimation and finally 
comparison of orbit with the ground-based estimated photoelectron current density data.  
6.1. Sun Sensor  
       Sun Sensor, a device for satellite attitude control, is used to calculate the attitude angle 
between the sun and the satellite. The sun sensor applied widely in various kinds of aerospace 
controllers, is one kind of common attitude control sensor [42].	 It is one of the most important 
devices for satellites.  
    The early sun sensors were mainly sun appearance sensors and analog sun sensors [43]. With 
the development of space technology in recent years, requirements for sun sensors have been 
extended to a large field of view and high accuracy levels. The traditional design and 
implementation methods cannot meet these requirements, so the single-axis digital sun sensor 
[44] appeared, with an accuracy of better than 0.1° (degree).  
    Array image sensors such as CCD or CMOS have been widely applied in space science. The 
array image sensor-based sun sensor is currently a research focus [45]. This kind of equipment is 
of high accuracy, high anti-interference. The aperture of sun sensors can be divided into single-
aperture and multi-aperture. Compared with the traditional linear array sun sensor, the accuracy 
of a single-aperture sun sensor has increased.  
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     This study utilized a single-aperture sensor with a square field of view and is represented in 
Figure 6.1. The incident sun rays create an image spot on the image detector.  A - D is different 
positions of projected light spot on the photodiode plane and (xo, yo) are the coordinate values of 
the sun spot center, θ is the incident angle, and α, β denote the sunray horizontal and azimuth 
orientation in the sun sensor body coordinates, respectively. 
 
 
         Figure 6.1. Sensor with square field of view 
According, it is not difficult to summarize the formula as in Equations (16 -17): 
                           o o-1 -1 -1l x yθ = tan  (  ), α = tan  ( ), β = tan  (  )        
h h h
                  (16) 
                            2 2o ol =   x +  y                                                                                             (17) 
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6.1.1 Sun sensor Incident Angle Relation with Elevation Angle  
      Figure 6.2 explains the sensor incident angle in relation to elevation angle provided to PEC 
mission. The elevation angle is measured from the parallel to the surface to the sunlight vector. 
The incident angle is measured from the perpendicular to the surface to the sunlight vector. 
Figure 6.3 illustrates the sensor with characteristic of a square field of view with half angle 16.5ᵒ. 
With: d1 = d2 = 16.5ᵒ; d3 = 21.2ᵒ, maximum incident angle. PEC mission is ON when the incident 
angle is less than sensor field of view. 
	  
Figure 6.2. Sensor incident angle relations to elevation angle 
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Figure 6.3. Sensor characteristic 
 
6.2 Calibration of PEC Signal from Sensor Signal  
   In order to established the attitude angle between the sun and the satellite, calibration of PEC 
signal data from sensor signal data become imperative.  To estimate this angle, there is need to 
compare the output of sun sensor on – Z panel in Figure 5.2 to current time profile for on-orbit 
data in Figure 5.3 (c) for black Kapton sample in chapter four. This is done by using Figure 6.4 
parameters with BD1=37mm and BC1= 42mm, which is a ground sensor experimental data 
whose signal passed through the center of two photodiodes to calibrate with that in Figure 5.2.  
In all the signals is symmetry in nature. 
    Figure 6.5 shows a sun sensor with its input parameters: height from the aperture point to sun 
spot, h, h= 6.76 mm; length of the sensor, l, l=3mm and diameter of the pinhole, d, d= 1mm. 
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Figure 6.4. Compare ground sensor experimental data with PEC data that are symmetry 
	
	
Figure 6.5. Sun sensor with define parameters 
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    6.2.1. Estimation of incident Angle from sensor parameters 
         Figure 6.6 indicates the distances between sensor aperture point and the sun spot is deduced 
from Figure 6.5. This provides the derivation of Equations (18 - 22) for minimum and maximum 
incident angles of the sun sensor signal to PEC mission. Equations (20-22) correspond to 18.9ᵒ 
and 19.3ᵒ minimum and maximum incident angles respectively, sun sensor signal provided to 
PEC mission. 
                                                                                                             
                                                      2 (L + d) 2BC   =                             
2
                           (18) 
 
                           
                                                         1
1
BCBD = *BD             
BC
                                           (19) 
 
 
                                             -1 B D   B A D   =  (  )   ; 18 . 9 °         t  a            
h
n   Ð                                        (20) 
 
 
Similarly,                                         2  22B F  =   B D  +  ( B C   - B D )                                                             (21) 
 
                                                       
                                                    -1 B  F   B  A   F  =  (  )  ;  1 9 . 3 °         t a           
h
n  Ð                                        (22) 
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Figure 6.6. Illustrates the distance between sensor aperture and sun spot 
 
 
6.3 Estimation of Elevation Angles from the sun sensor signal 
     Table 6.1 gives the minimum and maximum elevation angles provided by sun sensor signal to 
PEC mission.  This is with respect to orbit measured current for black Kapton ® sample in 
Figure 5.3 (C) with their corresponding time. These on-orbit results indicate that the current was 
constant from 15.6s to 16.1s at a value of 2.90nA. This corresponded to a minimum elevation 
angle of 70.7ᵒ. Then, at 49.9s, the current changed to 3.07nA, which corresponded to a maximum 
elevation angle of 71.1ᵒ. 
Table 6.1. Minimum and maximum elevation angles 
   Time,  s            Incident Angle   
         (ᵒ) 
Elevation Angle  
         (ᵒ) 
Orbit Current 
(nA) 
15.9       18.9         71.1 2.9 
49.9       19.3        70.7 3.1 
  
        Figure 6.7 shows the elevation from sensor with respect to PEC mission time.	 It is 
calculated from Figure 5.2 that shows the sun sensor outputs from –z panel of HORYU-IV 
satellite. Figure 6.7 uses the sensor output peak near 250sec in Figure 5.2. Note that the time is 
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different between Figures 6.7 and 5.2, because the time used for PEC mission and the sun-sensor 
output is different.  
 
 Figure 6.7. Sensor elevations with respect to PEC time 
 
 
6.4. On-orbit Photoelectron Current Estimation 
        Equation (24) was used to estimate the current density from the surface of the black 
Kapton® sample, at the minimum and maximum elevation angles. 
                                    α0Jpho (sin Ø) = (Jpec – Iα)/ 22 rp                                          (24) 
	
With Jpho: current density depending on the elevation angle; α0 = 0.5, ratio of light intensity with 
and without grid effect; Ø: sun elevation angle (minimum elevation, Ø1= 70.7ᵒ and maximum 
elevation Ø2=71.1ᵒ; Jpec: on-orbit measured current depending on the sun elevation (minimum 
elevation, Jpec1 = 2.9nA and maximum elevation, Jpec2 = 3.1nA); Iα: ground measured current 
difference between UV and plasma case and UV only case (minimum current Iα1 = 0.8nA and 
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maximum current Iα2 = 0.1nA); 2πr2: surface area of sample hole (r =7.5mm). The black 
kapton® have two holes of each 7.5mm, hence 2πr2. 
   The calibrated current densities at AM0 with respect to the maximum and minimum elevation 
angles and currents are indicated in Table 6.2. Figure 6.8 shows the simulated calibrated current 
density data using Equation 24. The results obtained correspond to that obtained in Table 8 
[1].The current density was also calibrated using the plasma density of 4.70 x 1010 from IRI with 
the corresponding current difference of 0.1 nA in Equation 24. This resulted on 18.0µA/m2 at 
maximum elevation angle and on-orbit measured current of 71.1ᵒ and 3.1 nA respectively.     
 
 
Figure 6.8. Orbit simulated current density  
 
Table 6.2. Calibrated current density at AM0 
Elevation 
((Ø z) 
  (ᵒ) 
Measured 
current in orbit 
(nA) 
Correction value 
     (Iα)(nA) 
0.5Sin(((Ø z) Jph0 
(µA/m2) 
70.7 2.9 0.8 0.47 13 
70.7 2.9 0.1 0.47 17 
71.1 3.1 0.8 0.47 14 
71.1 3.1 0.1 0.47 18 
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6.5. Comparison of Ground-based Estimation and Telemetry Data  
    The on-orbit results of the current density for the black Kapton® sample were compared 
with the results obtained during ground-based testing. 
 As shown in Table 6.2, for on-orbit results, the measured current was 2.90nA at minimum 
elevation, which corresponds to current densities of 13.0µA/m2 and 17.0µA/m2, whereas for the 
maximum elevation angle, the current measured was 3.1nA, which corresponds to current 
densities of 14.0µA/m2 and 18.0µA/m2. These results correspond to maximum and minimum 
current difference of 0.1nA and 0.8nA, respectively. 
    From ground-based test, the current density was estimated to be 6.1µA/m2. The value 
6.1µA/m2 is from Table 2.1. Thus, the on-orbit current densities differ from the ground-based 
current density by 8.0µA/m2 and 12.0µA/m2 for the maximum elevation angle case. This 
difference between the ground-based and on-orbit results could be explained by albedo effect or 
degradation by space environment. 
6.6. Comparison with previous studies 
   As shown in the previous section, the photoelectron current densities derived from PEC 
mission on-orbit measurements are larger than the current density estimated during ground-based 
testing. This is in agreement with [32] that also reported that the photoelectron current density 
was considerably higher in space than in laboratory for the same material. 
Moreover, the on-orbit values measured by PEC mission are also consistent with [28] that 
estimated the current density saturation to be within the range: Jpho=85±33×10−6 µA/m2. 
    However, it was pointed out in [34] that “laboratory data for photoelectron current density 
measured from several spacecraft materials is in the range between 10µA/m2 and 
40µA/m2”.Therefore, the PEC measured data is valuable within this range of the observation. 
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More so, the current densities from PEC mission were derived from actual photoelectron current 
measurements at AM0. Hence, it can be speculated that differences in materials, surface ﬁnishes, 
and aging processes in the space environment could influence the current density measurements 
in space 
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CHAPTER SEVEN 
SUMMARY OF FINDINGS, CONCLUSION AND 
RECOMMENDATIONS 
7.1 Summary of Findings  
       In-orbit photoelectron current is a critical factor in charging formation, and a major 
determinant of charging on spacecraft in sunlight. At air mass zero (AM0) for example, the 
current densities increases from 14.0µA/m2 and 18.0µA/m2, corresponding to maximum 
elevation angles. Information on photoelectron current is therefore valuable in determining 
charging hazards. Over the years, the measuring of the orbit current at AM0 has had some set 
back, principally because of the expensiveness of the devices.  
     The study aims to measure photoelectron current on the metallic and insulator surfaces from 
air mass zero spectrum. The LMC6001 serves as the heart of the current-voltage amplifier circuit, 
while the MCP602SN is a voltage inverting amplifier, a current sensing IC is embedded into the 
current-voltage amplifier probe. The Big apple was used as a means of storing the data, thereby 
download via OBC command through UHF antenna to computer in the ground station.  
   At the end, the data were analyzed by converting the bit count data into required current in 
order of nano-Ampere. The resulted analyses show that Gold and Kapton ® samples signals were 
saturated. The PEC measurement system was able to measure an orbit current at 2.9 nA and 3.1 
nA which corresponds to 70.7ᵒ and 71.1ᵒ minimum and maximum elevation angles from black 
Kapton ® sample.  
    This resulted into development of an approach to determine the on-orbit current density for 
black Kapton ® sample at these elevation angles. These have 12µA/m2, 17µA/m2 and13µA/m2 
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18µA/m2 for minimum and maximum elevation angles. Similar results were obtained using 
plasma density obtained from international reference of ionosphere (IRI).  
    Finally, the readings from the on-orbit photoelectron current density were validated and 
benchmarked against the ground-based estimated data of 6.1µA/m2. And some existing standard 
data of current density in space environment believe to be in the range 10µA/m2 and 40µA/m2 for 
spacecraft materials. Therefore the PEC measured data is valuable within this range of the 
observation. 
7.2 Conclusion 
     PEC mission was developed and tested at Kyushu Institute of Technology in the Laboratory 
of Spacecraft Environment Interaction Engineering, Japan, with the aim to measure on-orbit 
photoelectron current emitted from different types of materials. The mission was mounted on 
board HORYU-IV satellite that was launched at an altitude of 575km and 31o inclination on 
February 17th, 2016 (JST). PEC measurement system demonstrated its capability to measure 
photoelectron current in the order of nano-Ampere in LEO using a biased grid electrode. 
For black Kapton® sample, on-orbit photoelectron currents of 2.9nA and 3.1nA were 
measured, which correspond to elevation angles of 70.7ᵒ and 71.1ᵒ. The corresponding current 
density at AM0 was calculated to be 14.0µA/m2 and 18.0µA/m2 for the maximum elevation 
angle. 
Overall, this work demonstrated the feasibility of implementing a simple, low cost, and light 
system for the on-orbit measurements of photoelectron currents generated by conductive and 
isolative materials. 
7.3 Recommendations 
      This research has great potential to be extended to incorporate more functionality. 
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Firstly, the research could be extended to include more environmental variables to be measured 
in space environments which relate to the spacecraft charging. For example, other than 
photoelectron current, others environmental variables could be measured that also play important 
role on the mitigation of the spacecraft charging. Secondly, the research could also be enhanced 
to produce a system that can trigger automatic actions of related components, rather than just 
manually implemented. Thirdly, as a standalone system, the proposed system may be enhanced 
by implementing dependable storage components to enable it function as a data logger system. 
Finally, based on this system’s size, power, weight and availability miniaturize components; it 
can be implemented on a sizeable CubeSat.  
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